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19À21 These approaches, though, could only provide environment-dependent, temporary suppression of blinking, which has a limited practical utility. Recently, almost complete and permanent suppression of blinking has been achieved in several new types of NQDs that are modified at the level of their internal structure. 22À25 One type of such structures is represented by core/shell NQDs in which a CdSe core is overcoated with an especially thick [>10 monolayers (MLs)] CdS shell. We dubbed these structures "giant" NQDs (g-NQDs) due to their relatively large sizes (diameters of 10À15 nm). 22, 26 While our initial study using continuous-wave (cw) excitation with ∼200 ms bin time revealed that some of the g-NQDs with an ultrathick (19 ML) CdS shell exhibited completely suppressed PL blinking, more recent single-photon counting study by Spinicelli et al. 27 showed that the PL of the thinner-shell (∼10 CdS MLs) g-NQDs exhibited random transitions between two emissive states (termed "bright" and "gray") that were characterized by slow and fast PL decays, respectively.
The above overview indicates that a larger variety of blinking behaviors can be observed in colloidal nanocrystals. However, it is still largely unclear how this variability is linked to factors such as the details of the NQD structure (e.g., the shell thickness in coreÀshell nanocrystals), the regime of excitation (e.g., cw vs pulsed), the excitation power, and the excitation wavelength. The purpose of this Letter is to use CdSe/CdS NQDs with an increasing shell thickness to elucidate the evolution in PL fluctuations during the transition from "standard blinking" (thin shells) to "blinking-free" (thick shells) behaviors. For each shell thickness, we also evaluate the effect of pump intensity on PL fluctuations. Specifically, we apply time-tagged TCSPC to study PL intensities, lifetimes, and blinking in individual CdSe/ CdS NQDs with the shell thickness varied from 4 to 19 MLs. For thin-shell (4À7 MLs) dots, we observe that the increase of pump fluence changes PL blinking from a two-state ON/OFF behavior to a blinking regime with a variety of emissive (ON) levels characterized by a continuous distribution of PL intensities and lifetimes. For dots with medium (10À12 MLs) shell thicknesses, at the lowest pump power we observe a blinking-free behavior, which is characterized by a shot-noise-limited intensity distribution. As the fluence is increased, the PL starts to fluctuate between two distinct emissive states (bright and gray in the terminology of ref 27.) . At higher pump intensities, PL fluctuations become typical of a continuum of emission levels without, though, ever switching to the OFF state. In the case of the thickest shells (15À19 MLs), blinking-free PL with a narrow distribution of intensities is observed for all pump fluencies. We also observe that the PL lifetime, while uniform across the intensity distribution, continuously decreases with increasing pump intensity. We argue that the observed reduction in the PL lifetime can be explained by the transition from emission due primarily to a neutral exciton at lower intensity to emission from a charged exciton (formed via photoionization) at high excitation intensities. At intermediate pump levels, the emission is due to interplay between these two states.
In our experiments, we use CdSe/CdS core/shell NQDs synthesized via a modified successive ion layer deposition procedure described in ref 22 . For single-dot spectroscopy, NQDs prepared in hexane are dispersed onto a quartz substrate with the density on the order of 0.01 per μm 2 . The sample is mounted on a translation stage of an optical microscope and NQDs are excited at 405 nm with 50 ps pulses through a 60Â, 0.7 NA objective lens, which is also used to collect PL. The pulse-topulse separation (>400 ns) is set to be much longer than the PL decay time in order to ensure complete relaxation of excitons between sequential laser pulses. The collected PL is sent to a Perkin-Elmer avalanche photodiode (SPCM AQR-14) through long-pass excitation filters that reject scattered laser light. TCSPC is performed using Becker & Hickl SPC-630 electronics. TCSPC simultaneously records photon arrival times with respect to the beginning of the measurement cycle and to the excitation laser pulse. Hence, it allows us to compile PL decay curves for any particular time segment of the PL intensity trajectory or a chosen window of the intensity distribution function. 16 The overall system time resolution is 400 ps.
For the quantitative analysis of single-NQD PL intensity trajectories, we compare the measured PL intensity distributions with those for Poisson photon statistics. Specifically, for each trajectory we calculate the Mandel Q parameter defined as Q = [(AEn 2 ae À AEnae 2 )/AEnae] À 1, where n represents the number of PL counts measured within the 20 ms time bin. Parameter Q equals to zero in the shot-noise limit but is positive (and much greater than unity) for PL trajectories in standard nanocrystals characterized by super-Poissonian statistics. 15 We utilize the analysis of Q values instead of a more traditional power-law analysis of the ON/OFF sojourn time distributions because the ON/OFF threshold levels that are critical for the accurate power-law analysis 28,29 are impossible to determine in the case of nonblinking thick-shell g-NQDs. We also extract PL decay dynamics for several windows of the intensity distribution histogram to investigate the correlation between the PL intensity and lifetime variations.
In Figures 1, 2 , and 3, we compare the pump-level dependent PL data for 3 NQDs that represent thin-(4À7 MLs), medium-(10À12 MLs), and thick-(>15 MLs) shell samples, respectively. Columns (A) and (B) of the figures show the PL time trajectories and histograms of the distribution of PL intensities (count rates), respectively. Each row of the figure corresponds to a certain pump intensity indicated in the corresponding panel in terms of the average number of electron-hole (e-h) pairs generated per excitation pulse, AENae, which is calculated from the pump fluence using absorption cross sections determined from the volume of the NQDs 30 (also provided in Supporting Information in ref 38). Column (C) displays representative PL dynamics extracted for the intensity ranges (iÀiii) marked in column (B). For most cases, we extract PL lifetimes using single exponential fits to the data. For multiexponential dynamics shown for low-intensity PL ranges in Figure 1 , we plot single exponential fits to the initial component of the curves. In PL decays in Figure 3 , we disregard the initial, very fast component, which has a multiexcitonic origin, as discussed below. The extracted PL lifetimes are plotted as a function of PL intensity on top of the histograms in column (B) with open circles.
Intensity distribution histograms of a thin-shell (4 MLs) NQD ( Figure 1, column B) show two peaks that correspond to a weakly emitting OFF level, positioned clearly above the background noise 31 and the ON level, which exhibits a wider distribution of PL intensities. The average count rate (n, defined as the number of counts per bin) in the OFF state remains almost unchanged with increasing pump intensity. The distribution of the count rates in the ON state is near Poissonian at low pump levels (AENae < 0.3), however, it broadens significantly at higher pump intensities and eventually becomes much wider than the Poisson distribution (shown in Figure 1B by solid black lines) .
The increasing deviation of the measured intensity distribution from the Poisson statistics can also be clearly seen in the Q versus AENae plot in Figure 4a (circles). As AENae is increased from 0.2 to 5, the Q value increases progressively from 0.9 to 100. At the low pump intensity (AENae = 0.1), PL lifetimes extracted from the single-exponential fits of "micro-timetagged" traces, selected for a narrow range of PL intensities (Δn = 3) in the count-rate histogram, exhibit a stepwise growth (from ∼5 to ∼23 ns) as n is increased and the PL signal changes from the OFF to the ON level (open circles in Figure 1B1 ). In addition to the fast 5 ns component, the OFF state signal exhibits a large slow component which is similar to that of the ON state. This is a signature of blinking due to hot-electron trapping, the mechanism recently proposed in ref 32 .
At higher pump intensities, τ continuously increases with increasing PL intensity. While at lower intensities PL lifetimes are multiexponential, they become monoexponential on the highintensity end of the PL distribution for all pump fluences.
Previously, variations of PL intensity detected in single-NQD measurements have been analyzed using either a model of discrete states 9, 10 (e.g., a single ON and a single OFF level) or a continuum of states. 16À18 An important observation in our studies is that the same NQD can exhibit both discrete-and continuous-state behaviors depending on pump intensity. Specifically, the data in Figure 1 indicate that in the case of low excitation levels, the PL intensity and lifetime fluctuations can be described by a simple two-state model in which the NQD randomly switches between well-defined ON and OFF states, each of which emits a Poissonian stream of photons with shot-noiselimited fluctuations. On the other hand, as the pump fluence is increased, the NQD emission experiences an increasing deviation from Poisson statistics, which indicates the transition to the regime of continuously distributed ON levels. This transition is likely a result of the increasing role of photocharging at high pump intensities that can be facilitated, for example, by effects of Auger-assisted ionization. 33 In this picture, the monoexponential decay observed for the highest PL counts in histograms in Figure 1B can be attributed to purely radiative recombination of single excitons. Specifically, the values of 25À30 ns derived from the high-count rate traces in Figure 1C (red lines) are in good agreement with the radiative lifetimes in standard CdSe NQDs measured in both ensemble 34 and single-dot studies. 16 At the same time, the multiexponential character of decays at intermediate count rates can either be attributed to a varying recombination rate due to migration of photoinduced charges from one trap site to the other as was proposed by Fischer et al., 16 or perhaps, to a quick switching between neutral and charged exciton states on the timescale much shorter than the bin size (20 ms). We would like to emphasize that while prior reports did suggest the existence of continuously distributed ON states, 16À18 the pump-intensity dependent evolution from a single ON state to a continuum of emitting states in the same dot has not been reported.
A different behavior with regard to PL intensity and lifetime variations is observed in medium-shell (12 MLs) NQDs (Figure 2) . At low pump power (AENae < 0.1), most of these NQDs exhibit blinking-free emission with a near-Poissonian PL intensity distribution as illustrated in Figure 2 (A1 and B1). As expected for a Poissonian emitter, the PL dynamics are nearly uniform across the PL-count-rate histogram and are characterized by 100À150 ns single-exponential decays ( Figure 2B1,  C1) . 35 These low-pump-intensity results are indicative of blinking-free PL originating from a single emissive state.
However, the situation changes with increasing pump intensities when we observe the emergence of additional emission levels. Specifically, for AENae = 0.3 ( Figure 2A2ÀC2 ), the countrate distribution becomes double-Poissonian and the time of PL decay, which is close to single exponential, varies stepwise from ∼40 ns to ∼150 ns in going from the lower-to the higherintensity peak in the PL count-rate histogram. These results point toward the existence of two emissive states. The highcount-rate state is the same as the one observed at the lower pump level, as indicated by direct scaling of the average count rate (changes from ∼10 to ∼30) with AENae (changes from 0.1 to 0.3). The lower-count-rate state likely develops as a result of photocharging and it corresponds to the situation of the increased nonradiative decay rate.
Two emitting states with similar characteristics were previously observed in g-NQDs by Spinicelli et al. and were explained in terms of neutral and charged excitons with PL in the latter case being partially quenched by Auger recombination. 27 In standard NQDs, charged states (trions) are almost completely "dark" because the rates of Auger decay greatly exceed those of radiative recombination. On the other hand, as we demonstrated in refs 36 and 37, Auger decay is suppressed in g-NQDs, and therefore, trions can exhibit relatively large PL emission efficiencies (∼19% according to ref 27) . As a result, a charged exciton is transformed into a moderately emitting, gray state.
As in the case of the data in Figure 1 , the results of Figure 2 highlight a significant effect of pump intensity on the nature of emitting states in nanocrystals. When the pump fluence is increased further (two upper sets of panels in Figure 2) , we observe the emergence of a quasi-continuum of emissive levels. Specifically, the histograms of Figure 2B3 ,B4 show a broad intensity distribution that could be described by a sum of five or more simulated Poisson distributions. In accord with this observation, the plot of PL decay times versus count rates (open circles in Figure 2B3 ,B4) also shows a continuous increase in τ with increasing PL count rate. 39 However, interestingly, we observe that the PL intensity distribution exhibits broadening with pump power only in the range of AENae ∼ 0.1À1.0, and gets narrower with a further increase in pump fluence. This behavior can be seen more clearly in the Q versus AENae plot (Figure 4a) , which shows the saturation and even a slight decrease of Q when AENae becomes greater than 1.0 (squares). This narrowing of PL intensity distribution can be caused by the suppression of charge fluctuations that result from saturation of trap sites at higher pump fluencies. In contrast to this narrowing, the thin-shell (4 MLs) nanocrystals display a monotonous increase of the Q value, indicating the continuous broadening of PL intensity distribution with pump power. These findings lead to the conclusion that the spread of emissive levels contributing to PL in these CdSe/CdS NQDs decreases with increasing shell thickness.
Yet another behavior is observed in the case of the thickestshell g-NQDs (15) (16) (17) (18) (19) . A representative collection of data from a 19 ML g-NQD is displayed in Figure 3 . Each of the intensity distribution histograms (column B of Figure 3 ) shows a single peak, which can be closely described by a Poisson distribution function. Figure 3 and another in Figure S1 of Supporting Information; triangles). (b) Time constants (τ 1 ) of the longest PL decay components of the 19 ML g-NQDs shown in Figure 3 and Figure S1 , plotted as a function of AENae.
Accordingly, the PL decay dynamics are observed to be uniform across the distribution of the PL counts for any given pump power. At the lowest power of AENae = 0.25, the decays are nearly single exponential and correspond to emission from a singleexciton state. At higher pump fluencies, the dynamics becomes multiexponential. However, we observe a wide variation in PL dynamics of blinking-free g-NQDs with some dots exhibiting double exponential decay even at the lowest pump power. The origin of fast initial component could be due to charged excitons as discussed later or, due to a biexciton contribution as observed and modeled for a subset of these dots (see Supporting Information; Figure S1 ).
Although both PL intensity and lifetime fluctuations are completely suppressed at a fixed pump power, the slowest decay component of thick-shell g-NQDs accelerates with increasing excitation intensity. This point is illustrated in Figure 4b where we plot the long decay time constant τ 1 as a function of pump power for the g-NQDs from Figure 3 and Supporting Information Figure S1 . This plot reveals that τ 1 decreases from ca. 75 ns (104 ns for the dot in Supporting Information Figure S1 ) to ca. 40 ns (60 ns) as the pump power is increased from AENae = 0.25 to 7. This behavior is fully reversible; however, we often observed permanent signal degradation when much higher pump fluences (AENae >10) were used. This observation indicates that although the changes in pump fluence do not alter the blinking-free character of PL of thick shell g-NQDs they do affect the recombination dynamics of the emissive state.
According to the popular charging model, the suppression of PL intensity and lifetime fluctuations observed in g-NQDs could result either from complete suppression of the random charging or suppression of the Auger process. In the first scenario, the NQDs would be permanently locked in a charge-neutral state and the single-exciton lifetime would, therefore, remain unchanged with increasing pump fluence. Our observation of the increased PL decay rate at higher pump powers indicates that this is not the case, suggesting that the thick shell of our g-NQDs, while perhaps suppressing photocharging at low fluences (as suggested in ref 38), still does not completely inhibit photoionization, and hence, charge fluctuations at high excitation fluencies.
In the case of a fluctuating charge state, blinking-free PL is still possible if Auger recombination is considerably suppressed and, as a result, neutral and charged excitons have similar PL QYs. However, our recent study 38 reveals that while all of the thick shell g-NQDs produce fluctuation-free PL, their biexciton PL QYs vary widely from <0.2 to 0.9. This suggests that blinking-free emission is possible even in the presence of fairly efficient Auger recombination. This seems to contradict to our assessment that photocharging is not completely inhibited in these structures, at least at high pump levels.
This apparent controversy can be reconciled if we take into account that ref 38 analyzed emission efficiencies of biexcitons while the process of photocharging, which is likely responsible for observed shortening of PL lifetime in the present experiments, creates trions. It is also expected that in CdSe/CdS g-NQDs the Auger decay rates are different for negative (X À ) and positive (X + ) trions. More precisely, based on the difference in the degree of spatial confinement for holes (confined to the small volume of the CdSe core) and electrons (delocalized over the entire volume of a g-NQD) and a higher density of the valence-band states compared to the conduction-band states, one expects a faster Auger decay for X + than X À . The Auger decay of a biexciton can be thought of as occurring via two pathways involving both X + and X À . 40 In the case of a faster decay of X + , it will be dominated by the route involving the positive trion. On the other hand, photoionization can create primarily negative trions, and therefore, the rate of Auger decay in charged NQDs will be governed by the X À rate, which in g-NQDs is expected to be considerably slower than the biexciton decay rate. In the limit of strongly suppressed Auger recombination, the PL QY of the negative trion should be comparable to the QY of the neutral exciton. Therefore, fluctuations between the neutral and negatively charged excitons may occur without causing significant fluctuations in the PL intensity and result in apparent blinkingfree emission. The saturation of the total PL intensity at higher pump levels is due to the quenching of multiexciton emission by Auger recombination, which is still fairly efficient for higher order multiexcitons. We have recently provided a detailed account of the PL saturation behavior and its connection to the QY of biexcitons in ref 38 .
At intermediate to high pump fluencies, charge fluctuations can lead to multiexponential PL dynamics; this is indeed observed in our samples. Since the probability of photoinduced charging increases with pump fluence, the corresponding increase in the time spent by the dot in the charged state would lead to the observed acceleration of the PL decay. Indeed, under the condition of negligible Auger decay the recombination of the negative trion should be twice as fast as that of a neutral exciton due to the larger number of radiative recombination pathways. 40 The fact that the ratio of PL lifetimes measured at low (dominated by neutral exciton decay) and high (dominated by X À ) excitation intensities is approximately two ( Figure 4B ) supports this scenario. The above explanation still requires careful verifications. The most direct way to confirm our hypothesis about different rates of Auger decay for X + and X À in g-NQDs is through single-dot measurements of PL dynamics in the regime of controlled charging. These studies are currently in progress.
To summarize, we observe that PL fluctuation behaviors of CdSe/CdS NQDs are strongly affected by both the excitation level and the shell thickness. While at the lowest pump intensity, for all shell thicknesses these NQDs emit from a single state, at higher pump intensities the number of emitting levels depends on shell thickness. Specifically, for thin-shell samples we observed a multitude of emissive levels as indicated by a wide distribution of PL intensities and large values of the Mandel parameter (Q .1). On the other hand, the high-fluence PL intensity distribution narrows down with increasing shell thickness until it converges to a nearly Poissonian profile (Q < 1) for the thickest, 19 ML-shell dots. Because the PL lifetime shows a continuous reduction with increasing pump power in this latter case, we propose that despite a blinking-free behavior, two different states (neutral and charged excitons) may participate in PL with relative contributions defined by the time spent in each of these states. The apparent blinking-free PL behavior would result from suppressed Auger recombination of a charged exciton (trion), which can lead to the situation where the charged and neutral excitons have similar PL QYs. Because of the asymmetry between the conduction and valence bands in IIÀVI semiconductors and the difference in the degrees of spatial confinement for electrons and holes in our core/shell structures, the Auger decay rate of a positive trion may exceed that of the negative trion. Therefore, Auger decay of a biexciton (contributed by both X À -and X + -like channels) can be faster than that of a negative trion. This could explain a coexistence of a fairly efficient Auger decay of a biexciton with blinking-free PL as previously observed for some of the g-NQDs. ' ACKNOWLEDGMENT
